The relationship between relaxation produced by acetylcholine (ACh) or substance P (SP) and tissue cyclic GMP content was investigated in the isolated guinea-pig aorta. ACh and SP relaxed aortic rings precontracted with noradrenaline (NA) or high-K solution
Introduction
Vascular endothelial cells produce many types of vasorelaxant such as endotheliumderived relaxing factor (EDRF), hyperpolarizing factor (EDHF) and prostacyclin (PGI 2), in response to physiological, pharmacological and pathological stimuli (Furchgott , 1984 (Moncada et al., 1991) . By comparison, the endothelium-dependent relaxation in the mesenteric artery is primarily nitroarginine-insensitive and sensitive to high-potassium solution (Garland et al., 1992; Garland et al., 1995) . ACh-induced relaxation which is insensitive to nitroarginine but can be blocked by high-potassium solution, is produced mainly in peripheral smaller arteries (Garland et al., 1995 (Zhang et al., 1994) . Endothelium-derived prostanoids are also involved in the ACh-induced relaxation in the guinea-pig coronary artery (Parkington et al., 1996) or the human pulmonary artery (Zhang et al., 1996) . Fig. 4 . Cyclic GMP content in intact (A) and endothelium-rubbed aortic tissues (B) stimulated with ACh (10-6M) or SP (10-7 M). Control, cyclic GMP content before stimulation.
The mean value (+S.D., n=6 for each condition) of cyclic GMP content is expressed by pmol/mg protein. (Fig.6 ).
Discussion
In many isolated vascular tissues, ACh and SP are potent stimulants of the endothelium dependent relaxation (Furchgott, 1984; Vanhoutte et al., 1986; Moncada et al., 1991) . This is also the case in the guinea-pig carotid artery, and these agonists relax NA-contracted muscles to a similar extent, but with different mechanisms, i.e., ACh relaxes mainly by releasing EDRF and SP relaxes by releasing EDRF and EDHF (Zhang et al., 1994) . The guinea-pig aorta differs from the carotid artery, in that ACh was weaker than SP in producing the endothelium dependent relaxation. The experiments were, therefore, designed to elucidate the differences in the cellular mechanisms of the vasodilatation produced by ACh and SP in the guinea-pig aorta.
As EDRF increases the tissue cyclic GMP content (Ignarro and Kadowitz, 1987; Moncada et al., 1991) , the amount of EDRF contributing to the relaxation was estimated from the contents of this cyclic nucleotide in the tissue. Experiments were therefore carried out to observe the relationship between relaxation and tissue cyclic GMP content.
The present experiments showed that 1) in NA-contracted aortic rings, SP was about 3 times more potent than ACh in producing the endothelium-dependent relaxation, 2) relaxa tions comparable to those by 10-6M ACh (equal to the maximum relaxation by ACh) were elicited by 10-9M SP, 3) in high-K solution, the amplitude of relaxation was smaller than in the NA-containing solution by 30-50%, for both ACh and SP, 4) in NA-contracted aortic rings, nitroarginine markedly inhibited the ACh-induced relaxation, but had no significant inhibition on the SP-induced relaxation, 5) in ring preparations contracted with high-K solution, nitro arginine was a potent inhibitor of the endothelium-dependent relaxation produced by both ACh and SP, 6) ACh and SP increased cyclic GMP content, in an endothelium-dependent manner, and the actions were stronger for SP than for ACh, 7) NA increased cyclic GMP content and enhanced the actions of ACh, but not of SP, on the production of cyclic GMP, 8) in high-K solution, SP and ACh elevated cyclic GMP content to levels similar to that seen in the presence of NA, and 9) the stimulating actions of ACh and SP on the production of cyclic GMP were blocked by nitroarginine.
Nitroarginine Inhibits the production of nitric oxide (Moncada et al., 1990) , and therefore the reduction by this chemical of the relaxation produced by ACh may be due to the inhibition of EDRF production. The relaxations produced by ACh or SP in high-K solution may be also related to the production of nitric oxide, as the relaxation and production of cyclic GMP are both inhibited by nitroarginine. Thus, both ACh and SP can release EDRF from the aortic endothelial cells. However, relaxations produced by SP in muscles contracted with NA were little affected by nitroarginine.
These results indicate that SP may relax muscle by releasing EDRF and nitroarginine-resistant factors. The latter apparently contributes more to the SPinduced relaxation than EDRF. The actions of the nitroarginine-resistant factor were sensi tive to high-K solution, indicating that the relaxation produced by this factor is accompanied by a hyperpolarization of the membrane probably as a result of an increased K+ conductance.
A similar response is also found in the SP-induced relaxation in the guinea-pig carotid artery (Zhang et al., 1994) . The actions of such factor resemble to those of EDHF (Suzuki and Chen, 1890; . Thus, we postulate that in the guinea-pig aorta, SP produces an endothelium-dependent relaxation by releasing EDRF and EDHF. As the inhibitory actions of nitroarginine on the SP-induced relaxation are very weak, EDHF appears to be more potent than EDRF in producing the relaxation.
ACh is a potent stimulant for the release of EDRF and EDHF in many types of vessels (Furchgott, 1984; Vanhoutte et al., 1986; Garland et al, 1995) . However, the present experi ments showed that this is not the case in the guinea-pig aorta.
The weak relaxing actions of ACh were related to the low production of cyclic GMP in smooth muscle, and therefore possibly due to the small levels of EDRF production. This was not an inherent property of the aortic endothelial cells, because SP could produce more cyclic GMP (equal to the larger amount of EDRF production) and more nitroarginine-resistant relaxation than ACh.Therefore, we suggest that in the guinea-pig aorta, ACh has weak actions to produce EDRF and EDHF. This is in contrast with the guinea-pig carotid artery which is relaxed by both ACh andSP to a similar extent (Zhang et al., 1994) .
The reduction of the endothelium-dependent relaxation in high-K solution is partly due to the absence of EDHF-induced component of the relaxation, because EDHF cannot hyperpola rize the membrane in high-K solution (Chen and Suzuki, 1989 ; . However, high-K solution reduces endothelialCa" concentration due to absence of any voltage-activated Ca2+-channel in the endothelial membrane (Laskey et al., 1990) . The production of EDRF is related to endothelial Ca2+ concentrations (Ignarro and Kadowitz, 1987; Moncada et al., 1991) , and therefore high-K solution would have inhibitory actions on the ACh -or SP-induced production of EDRF. In fact, the reduced production of EDRF in high-K solution has been confirmed in cultured endothelial (Laskey et al., 1990) . In the present experiments, the low productivity of EDRF in high-K solution was also suggested indirectly from the weaker actions of the ACh-and SP-induced relaxation in muscles contracted with high-K solution than with NA. However, the production of EDRF estimated from the cyclic GMP content in tissues was not altered by high-K solution (compare Fig.4A with Fig.6A ).
These results could be interpleted if the reduction of the EDRF-induced relaxation by high-K solution is causaly related to the depolarization of smooth muscle membrane. Alternatively, possible involvement of an increase in sensitivity of contractile protein toCa' in smooth muscle by membrane depolarization (Okada et al., 1993 ) is considered.
NA has dual actions on arterial tissues, direct excitatory actions to vascular smooth muscles through activation of alpha-1 adrenoceptors and indirect inhibitory actions by elevated production of EDRF through activation of endothelial alpha-2 adrenoceptors (Cocks and Angus, 1983; Angus et al., 1986) . The elevated production of cyclic GMP by NA in the guinea-pig aorta may be due to the increased release of EDRF, and this is probably related to the increase in amplitude of the NA-induced contraction by nitroarginine.
It is concluded that in the guinea-pig aorta, ACh and SP relax muscle in an endothelium dependent manner, and the latter is more potent than theformer mainly because ofdifferences in potency to produce EDRF. Also, the differences in potency to induce relaxation between ACh and SP has causal relation to an involvement of EDHF, in addition to EDRF, and ACh relaxes mainly by releasing EDRF alone whileSP relaxes by releasing both EDRF and EDHF.
